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Abstract

Background and Aims: Glutathione peroxidase 4 (GPX4) is
a key factor in ferroptosis, which is involved in ischemia-rep-
erfusion injury. However, little is known about its role in he-
patic ischemia-reperfusion injury (HIRI). This study aimed to
investigate the role of GPX4 methylation in ferroptosis during
HIRI. Methods: For the in vitro experiments, an oxygen and
glucose deprivation cell model was established. For the in vivo
experiments, an ischemia-reperfusion model was created by
subjecting mice to simulated HIRI. Ferroptosis occurrence,
GPX4 promoter methylation, and global methylation levels
were then assessed. Results: Ferroptosis was observed in
oxygen and glucose deprivation, characterized by a signifi-
cant decrease in cellular viability (P < 0.05), an increase in
lipid peroxidation (P < 0.01), iron overload (P < 0.05), and
down-regulation of GPX4 (P < 0.05). This ferroptosis was ex-
acerbated by GPX4 knockdown (P < 0.01) and mitigated by
exogenous glutathione (P < 0.01). Similarly, ferroptosis was
evident in mice subjected to HIRI, with a down-regulation of
GPX4 mRNA and protein expression (all P < 0.01), and an
upregulation of acyl-CoA synthetase long-chain family mem-
ber 4 mRNA and protein (all P < 0.01), as well as prostaglan-
din-endoperoxide synthase 2 mRNA and protein expression
(all P < 0.05). Methylation levels increased, evidenced by
upregulation of DNA methylation transferase expression (P <
0.05) and down-regulation of Ten-eleven translocation fam-
ily demethylases (P < 0.01), along with an upregulation of
GPX4 promoter methylation. Conclusions: Ferroptosis may
be the primary mode of cell death in hepatocytes following
ischemia-reperfusion injury. The methylation of the GPX4
promoter and elevated levels of global hepatic methylation
are involved in the regulation of ferroptosis.
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Introduction

Hepatic ischemia-reperfusion injury (HIRI) is one of the main
causes of poor outcomes after hepatic surgery,! yet little is
known about its molecular mechanism.2 A potential link has
been proposed between ferroptosis and ischemia-reperfusion
injury (IRI), as IRI is typically accompanied by ferroptosis-
related phenotypes such as increased lipid peroxidation and
elevated iron levels.34 In addition, ferroptosis is associated
with altered expression of proteins, such as upregulation of
acyl-CoA synthetase long-chain family member 4 (ACSL4)
and prostaglandin-endoperoxide synthase 2 (PTGS2), as well
as downregulation of glutathione peroxidase 4 (GPX4). Previ-
ous studies have shown that administration of Ferrostatin-1
(Fer-1, a specific ferroptosis inhibitor), iron chelators, and
antioxidants can mitigate ischemia-reperfusion (I/R)-induced
cardiomyocyte injury,3 while a high-iron diet can exacerbate
liver injury.> These findings lead us to investigate the driving
factors of ferroptosis during the onset of HIRI.

During ferroptosis, ACSL4 catalyzes polyunsaturated fatty
acids, particularly arachidonic acid, into their CoA deriva-
tives, enhancing lipid peroxidation.®7 Various studies have
demonstrated that changes in ACSL4 are essential for trig-
gering ferroptosis, with its expression levels determining the
sensitivity of cells to ferroptosis. 7~ Overexpression of ACSL4
increases cellular sensitivity to ferroptosis and promotes the
process, while inhibition or knockdown of ACSL4 suppresses
ferroptosis® establishing it as a key initiator in this cell death
pathway. As a marker of ferroptosis in various cell types,10:11
PTGS?2 facilitates the conversion of arachidonic acid to pros-
taglandins. Research from the Stockwell laboratory has iden-
tified PTGS2 as a downstream marker of ferroptosis, showing
significant upregulation during this process.2 Bioinformatics
analysis also indicates that PTGS2 is a central gene involved
in ferroptosis.13 PTGS2 expression has been closely associat-
ed with ferroptosis in various diseases. For example, PTGS2
levels are significantly elevated during ferroptosis induced by
hormone-related femoral head necrosis.!! In liver ferropto-
sis studies, the AhR-STAT3-Hmox1/PTGS2 signaling pathway
has been found to improve the liver microenvironment by
inhibiting ferroptosis.# Additionally, research has shown that
upregulation of PTGS2 and ACSL4 contributes to atheroscle-
rosis-associated ferroptosis.!3 GPX4, a key regulatory factor
of ferroptosis, uses glutathione (GSH) to detoxify lipid per-
oxidation.1> In GPX4 knockout mice, massive hepatocyte de-
generation and death were observed,® while cells with GPX4
overexpression exhibited increased tolerance to ferropto-
sis.17 Similarly, GPX4 deficiency induced ferroptosis in renal
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tubular epithelial cells, neuronal cells, endothelial cells, and
T cells.1819 Furthermore, GPX4 expression was downregu-
lated in non-alcoholic fatty liver disease and drug-induced
liver injury, while exogenous GSH could restore hepatocyte
structure and function.* These markers are therefore used to
study the ferroptosis mechanisms underlying HIRI.

DNA methylation is a common epigenetic modification
involved in various pathological processes (e.g. IRI),20 with
CpG dinucleotide being the major site on promoters.2! This
process relies on the dynamic regulation of DNA meth-
yltransferases (DNMTs) and the ten-eleven translocation
(TET) family of proteins.?2 DNMTs transfer a methyl group
from S-adenosyl-L-methionine to adenine or cytosine bases
within DNA sequences.23 TET proteins catalyze the oxidation
of 5-methylcytosine (5mC) in CpG, producing 5-hydroxym-
ethylcytosine (5hmC), which regulates DNA demethylation.2*
Although the role of DNA methylation regulation in HIRI has
not been reported, abnormal DNA methylation has been ob-
served in liver diseases such as alcoholic fatty liver, viral hep-
atitis, intermittent hypoxia-induced liver injury, hepatic fibro-
sis, and hepatocellular carcinoma.>2%25 During IRI, there is
a general increase in cellular methylation, along with altera-
tions in demethylase and methylase levels.26 Furthermore,
inhibiting DNA methylation has been shown to alleviate IRI
and improve cellular function.?’” Based on this, we hypoth-
esize that altered methylation of the GPX4 promoter may be
associated with ferroptosis in the pathogenesis of HIRI. To
verify this hypothesis, we established a mouse HIRI model
and an oxygen and glucose deprivation (OGD)-induced alpha
mouse liver 12 (AML12) cell injury model, and determined
ferroptosis-related factors and GPX4 promoter methylation.

Methods

Chemicals and reagents

Fer-1 (HYG-100579), Benzyloxycarbonyl-Val-Ala-Asp (OMe)-
fluoromethylketone (Z-VAD, HY-16658B), Necrostatin-1
(Nec-1, HY-15760), and 5-Azacytidine (5-AZA, HY-A0004)
were purchased from MedChemExpress LLC (NJ, USA).
Rabbit polyclonal antibody, including anti-GAPDH (Cat. no:
60004-1-Ig), was purchased from ProteinTech. Anti-DNM-
T3a (Cat. no: ab188470), anti-TET2 (Cat. no: ab213369),
anti-GPX4 (Cat. no: ab125066), and anti-ACSL4 (Cat. no:
ab155282) were purchased from Abcam. Anti-PTGS2 (BSM-
52502R) was purchased from Bioss Biotechnology (Beijing,
China). FITC-labeled goat anti-rabbit IgG (Cat. no: A0562)
was purchased from Beyotime (Beijing, China). DAB color
developing solution (Cat. no: PV-6001) was purchased from
ZSGB-BIO (Beijing, China). Mounting medium with antifad-
ing (with DAPI, Cat. no: S2110) and the GPX Activity Assay
Kit (Cat. no: BC1195) were purchased from Solarbio (Beijing,
China). Alanine aminotransferase (ALT) Assay Kit (C009-2-
1) and reduced GSH Assay Kit (A006-2-1) were purchased
from Jiancheng Bioengineering Institute (Nanjing, China).
The ReverTra Ace gPCR RT Kit (FSQ-101) was provided by
Toyobo (Osaka, Japan). The cell counting kit-8 (CCK8, Cat.
no: CK058) was purchased from Seven Sea Futai Biotechnol-
ogy (Shanghai, China). The shGPX4 plasmid was designed by
WZ Biosciences (Jinan, China). Lipofectamine 2000 (Cat. no:
1168-019) was obtained from Invitrogen (CA, USA). The flu-
orescence probes C11 BODIPY 581/591 (Cat. no: MX5211)
and FerroOrange (Cat. no: MX4559) were obtained from Ma-
okang Biotechnology (Shanghai, China). The DNA extraction
kit (YDP304-03) and methylation-specific PCR kit (Cat. no:
4992447) were purchased from TIANGEN Biotech (Beijing,
China). The EZ DNA Methylation-Gold kit (Cat. no: D5007)
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was purchased from Zymo research (CA, USA). Methylation-
specific PCR kit (Cat. no: HY-A0004) was obtained from Med-
ChemExpress (New Jersey, USA). The methylation (Cat. no:
D5325) and hydroxymethylation ELISA kits (Cat. no: D5426)
were from A&D Technology Corporation (Beijing, China).

Cell culture and grouping

An OGD model was designed in this section to mimic HIRI
conditions in vitro. AML12 cells in the logarithmic growth
phase were resuspended in 0.25% trypsin, inoculated into
well plates, and divided into a control group and an OGD
group as follows. The cells in the control group were cultured
using DME/F-12 medium supplemented with 10% fetal bo-
vine serum (FBS) in a cell culture incubator at 37°C in 95%
air. To mimic a cell injury model, the OGD group was set up,28
in which the cells were cultured in serum-free DME/F-12 me-
dium in a triple air incubator at 37°C in 95% nitrogen for 12
h, followed by replacement with medium supplemented with
10% FBS in a normoxic incubator for 4 h. To explore the ef-
fects of other drugs in the OGD model, AML12 cell suspension
was inoculated onto a 96-well plate and cultured overnight
in medium containing 10% FBS under normoxic conditions.
Upon reaching 80% confluence, drug pretreatment was per-
formed, followed by the preparation of the OGD model. The
cells were treated with drugs, including Fer-1 (2 uM), Z-VAD
(25 uM), and Nec-1 (50 pM) for 2 h to investigate the pre-
dominant mode of cell death. The cells were then treated
with GSH (100 uM) for 2 h to assess the impact of GPX4,29-31
followed by treatment with 5-AZA (25 uM) for 72 h to explore
the potential methylation effects on GPX4.

CCK8 assay

The CCK8 colorimetric kit was used to detect cell viability in
each group. In brief, 100 pL of solution was added to each
well and incubated in a cell culture incubator for 2 h.32 The
optical density (OD) value at 450 nm was measured using a
microplate reader, and cell viability was calculated according
to the manufacturer’s instructions.

Animals and modeling process

One hundred and eight healthy male C57BL/6 mice (six to
eight weeks old, weighing 22-25 g) that were specific patho-
gen free were obtained from Pengyue Experimental Animal
Center (Jinan, China). The mice were placed in laboratory
cages and given free access to food and water. After one week
of adaptation in a controlled environment (constant tempera-
ture, humidity, and a 12 h light/dark cycle), the animals were
randomly divided into the following groups: I/R group (n =
18), I/R+Fer-1 group (n = 18), I/R+Z-VAD group (n = 18),
I/R+Nec-1 group (n = 18), and sham operation group (n =
18). The HIRI model was performed according to our previ-
ous description.33:34 Briefly, the animals in the I/R group were
anesthetized with 1% sodium pentobarbital (40 mg/kg) via
intraperitoneal injection. The left and middle branches of the
hepatic pedicle were clamped with non-invasive arterial clips
for 45 m, followed by reperfusion for 6 h, 12 h, or 24 h. The
three treated groups received intraperitoneal injections of 0.5
mg/kg of Fer-1, 1.0 mg/kg of Z-VAD, and 3 mg/kg of Nec-1,
respectively, 30 m before HIRI modeling.?° The mice in the
sham group underwent the same procedure as the I/R group,
except that the hepatic pedicle branches were not occluded.
After reperfusion, 72 mice from the three groups were an-
esthetized intraperitoneally with 1% sodium pentobarbital,
and blood samples were collected from each mouse by retro-
orbital bleeding. The blood samples were stored at room tem-
perature for 40 m, followed by centrifugation at 3,000 rpm/m
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for 10 m. The upper serum layer was collected and stored at
—80°C. The left lobe of the liver was clipped and stored at
—80°C for DNA, mRNA, and protein extraction. The remaining
36 mice were anesthetized and perfused with 4% paraform-
aldehyde for the preparation of paraffin-embedded or frozen
sections, which were used for immunohistochemistry (IHC)
and immunofluorescence (IF) staining.

Animal experiments were conducted in accordance with
the guidelines for the use of experimental animals, and all
procedures were approved by the Animal Ethics Committee
of Shandong Second Medical University (No. 2020SDL187).
The operative mortality rate was less than 3%.

Serum ALT measurement

Serum ALT was detected using Wright’s microplate method,
and the OD value at 510 nm was measured using a micro-
plate reader (Thermo, Shanghai, China) as previously de-
scribed.3536 The ALT value (U/L) was calculated after at least
three tests.

GSH and GPX4 measurement

The GSH concentration was measured following the method
described in a previous study.3” The OD values were meas-
ured at 405 nm using a microplate reader. The concentration
of GPX4 was measured using a commercial kit. Briefly, he-
patic tissues (50 mg) were homogenized on ice, transferred
to 1.5 mL Eppendorf tubes, and reagents were added ac-
cording to the kit instructions for 15 m. Finally, the OD value
was determined at 412 nm using a microplate reader. All
measurements were performed in triplicate.

Fluorescence probe staining

C11 BODIPY 581/59138 and FerroOrange are sensitive fluo-
rescent probes for cellular lipid peroxides and ferrous ions,
respectively. The control group and OGD model were con-
structed according to the methods outlined above. The cul-
ture medium from both groups was discarded, and the cells
were rinsed with pre-cooled PBS three times. Serum-free
medium containing C11 BODIPY 581/591 (50 pM) or Fer-
roOrange (1 pM) was added and incubated at 37°C in the
dark for 30 m. After routine washing and DAPI staining, the
plates were observed under an inverted microscope.3® C11
BODIPY 581/591 staining was observed in the FITC 488 nm
and PI 565 nm channels. FerroOrange staining was observed
in the PI channel, and images were captured and analyzed.
To further clarify the respective OD changes of the two flu-
orescent dyes induced by OGD modeling, AML12 cells were
inoculated into light-avoiding transparent-bottom 96-well
plates, incubated, stained, and washed as before. At the end
of incubation, 100 pL of pre-cooled PBS was added to each
well. The OD values were collected at 510 nm and 591 nm,
respectively. The ODsq;,y,/510nm Fatio was used to indicate the
degree of lipid peroxidation, while the OD value measured
at 565 nm represented the ferrous ion content in the cells.

IHC staining

Paraffin sections were routinely dewaxed, hydrated, and un-
derwent antigen retrieval. Anti-DNMT3a (1:200) and anti-
TET2 (1:200) were added and incubated at 4°C overnight.
After washing with PBS three times, the sections were incu-
bated with secondary antibodies for 1 h. DAB color develop-
ing solution (1:20) was then applied, followed by hematoxylin
staining, and the sections were evaluated by pathologists.40

IF staining
Frozen sections were blocked for endogenous peroxidase ac-

tivity with 3% H,0, for 10 m, then rinsed with PBS for 5 m.
The sections were blocked with normal goat serum for 10
m and incubated overnight at 4°C with anti-GPX4 (1:500),
anti-ACSL4 (1:500), and anti-PTGS2 (1:500). After washing
with PBS for 5 m, the sections were incubated for 2 h with
FITC-labeled goat anti-rabbit IgG at 37°C in the dark. The
sections were then rinsed with PBS for 5 m, sealed with an-
tifade mounting medium (with DAPI), and evaluated by pa-
thologists using a fluorescence microscope (Olympus FV500,
Olympus Corporation).40

GPX4 knockdown

The shGPX4 plasmid was used to knock down GPX4. The se-
quence of the shGPX4 plasmid is listed in Supplementary Ta-
ble 1. AML12 cells were inoculated onto a 96-well plate and
cultured overnight. Transfection was performed using Lipo-
fectamine 2000 according to previously described methods.#!

Real-time polymerase chain reaction (RT-qPCR)

Total mMRNA was extracted from liver tissue or AML12 cells
using a Trizol reagent. cDNA was synthesized using a Re-
verTra Ace qPCR RT Kit. The system components and pro-
cedures are described in Supplementary Table 2. PCR was
performed using SYBR Green with specific primers pur-
chased from Jinweizhi (Tianjin, China). The conditions were
as follows: pre-denaturation at 95°C for 3 m, annealing at
60°C for 45 s, for a total of 35 cycles. The primer sequences
are listed in Supplementary Table 3. Target gene expres-
sion was calculated using the 2-2ACt method, as previously
described.*2

Western blotting analysis

Total protein was extracted from liver tissue homogenized
in RIPA lysate on ice with a protease inhibitor. Protein con-
centration was determined using the bicinchoninic acid as-
say.3> Next, proteins were subjected to SDS-PAGE gel elec-
trophoresis and then transferred to PVDF membranes. The
membranes were blocked with skimmed milk and incubated
overnight at 4°C with rabbit polyclonal antibodies: anti-GAP-
DH (1:1,000), anti-ACSL4 (1:2,000), anti-GPX4 (1:1,000),
anti-TET2 (1:1,000), anti-PTGS2 (1:1,500), and anti-DNM-
T3a (1:1,000). The membranes were then incubated with
horseradish peroxidase-conjugated secondary antibodies at
room temperature for 1 h, followed by the addition of ECL
developing solution. GAPDH was used as the internal refer-
ence protein. Finally, the images were analyzed using Imagel
1.8.0 software (National Institutes of Health).

GPX4 promoter methylation sequencing

CpG island-dense regions on GPX4 promoters were predict-
ed using the UCSC Genome database (http://genome.ucsc.
edu/). To improve the success rate of methylation-specific
PCR, the GPX4 promoter was divided into four fragments,
with the primer sequences shown in Supplementary Table
4. DNA was extracted from liver tissues as previously de-
scribed.*3 Unmethylated cytosine in the DNA was converted
to uracil using the DNA Methylation-Gold kit.#* The bisulfite-
modified DNA was then used as a template for Sanger se-
quencing, amplified using the methylation-specific PCR Kkit.
The sequencing results were analyzed using BioEditor soft-
ware 7.0, which labeled the corresponding cytosine peaks
at the CpG site and the thymine peaks. The Beta-value was
calculated according to the following formula:

C-reads

Beta-value=————
C-reads + T-reads
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Fig. 1. Ferroptosis-related changes after hepatic ischemia-reperfusion injury (HIRI). (A) Cell viability after oxygen and glucose deprivation (OGD) induction
and the therapeutic effects of several different types of inhibitors: ferroptosis inhibitor Fer-1, apoptosis inhibitor Z-VAD, and necrosis inhibitor Nec-1. (B) Alanine ami-
notransferase levels after I/R induction and the therapeutic effects of Fer-1, Z-VAD, and Nec-1 in vivo. Protein expression levels of GPX4 after HIRI and the therapeutic
effect of Fer-1 in vitro (C) and in vivo (D). *p < 0.05, **p < 0.01, ***p < 0.001. Cont, the control group; ALT, alanine aminotransferase; GAPDH, glyceraldehyde-

3-phosphate dehydrogenase.

Detection of 5mC and 5hmC

Methylation and hydroxymethylation of DNA were detected
using ELISA kits as described in previous studies.4> The DNA
samples extracted from liver tissues were incubated with a
chromogenic agent at room temperature for 3 m, and the ab-
sorbance was measured at 450 nm using a microplate reader.

Statistical analysis

SPSS 25.0 software was used for data analysis, and figures
were created using GraphPad Prism 7 (GraphPad Software,
Inc.). Data were collected from at least three independent
experiments and expressed as mean * standard error. The
normality of distribution and homogeneity of variance were
assessed using the Kolmogorov-SmI/Rnov test and the
Levene test.3> Comparisons among multiple groups were
performed using a one-way analysis of variance followed
by the least significant difference test. Data that were not
normally distributed were analyzed using Kruskal-Wallis
nonparametric tests, followed by Bonferroni post hoc tests

for comparison. A P-value of less than 0.05 was considered
statistically significant.

Results

Ferroptosis was the major type of cellular death
after OGD or I/R induction

The CCK8 assay showed that the cell viability of AML12 cells
decreased after OGD induction compared to the control group
(0.33 £ 0.01 vs. 1.39 £ 0.02, P < 0.05). However, pretreat-
ment with Fer-1, Z-VAD, or Nec-1 reversed the changes in-
duced by OGD (Fig. 1A), with Fer-1 showing the most signifi-
cant effect on the recovery of cell activity (0.92 £ 0.01 vs.
0.33 £ 0.01, P < 0.01). In vivo experiments also confirmed
that Fer-1 antagonized the increased serum ALT levels induced
by I/R (305.1 £ 25.3 vs. 208.7 + 14.1, P < 0.05, Fig. 1B).
The expression of GPX4 was significantly downregulated in
the OGD group compared to the control group (Fig. 1C and D).
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This downregulation was significantly reversed in the presence
of Fer-1 (0.76 £ 0.06 vs. 0.92 + 0.35, P < 0.05, Fig. 1C). In
vivo data confirmed that Fer-1 almost completely restored the
I/R-induced downregulation of GPX4 (0.74 £ 0.15 vs. 1.44 £
0.17, P < 0.05, Fig. 1D). These results suggest that ferrop-
tosis was the major form of hepatocyte death following I/R.

The level of lipid peroxidation and ferrous ions was
increased

Fluorescence microscopy revealed that DAPI staining indi-
cated an increased percentage of AML12 cell death after OGD
induction. C11 BODIPY 581/591 staining showed a signifi-
cant increase in green fluorescence, representing the oxi-
dized form, and a decrease in red fluorescence, representing
the reduced form (Fig. 2A). Furthermore, the ELISA assay
showed that the OD510nm/OD591nm ratio was significantly
higher in the OGD group compared to the control group (7.74
+ 0.64 vs. 0.065 = 0.004, P < 0.01, Fig. 2B), indicating the
accumulation of lipid peroxides in AML12 cells after OGD.

The GSH content in liver tissue showed a significant de-
crease in the I/R group compared to the sham group (36.80
+ 1.51 gprot/L vs. 91.99 £ 12.67 gprot/L, P < 0.05, Fig.
2C), indicating a loss of antioxidants in liver tissue after I/R.
Collectively, these findings suggest that lipid peroxide accu-
mulation was triggered following I/R.

After OGD induction, the fluorescence intensity of Fer-
roOrange significantly increased compared to the control
group (207,872 £ 3,182 vs. 31,971 £ 2,461, P < 0.05, Fig.
3A and B), demonstrating that the content of unstable Fe2+
was significantly elevated.

Altered expression of ferroptosis-related proteins

We examined the mRNA expression of ACSL4, PTGS2, and
GPX4 at 6 h, 12 h, and 24 h after reperfusion in the I/R
model. The most significant changes in ACSL4 expression
were observed at 6 h, PTGS2 at 12 h, and GPX4 at 12 h
(Supplementary Fig. 1). These time points were then select-
ed to determine the effects of I/R induction on these three
ferroptosis-related proteins.

The expression of ACSL4 mRNA and protein was signifi-
cantly higher in the I/R group compared to the sham group
(P < 0.05, Fig. 4A). IF staining showed consistent results for
protein expression after I/R.

Compared to the sham group, PTGS2 mRNA and protein
expression were significantly upregulated in the I/R group (P
< 0.05, Fig. 4B), and IF staining revealed similar upregula-
tion of PTGS2.

GPX4 mRNA expression significantly decreased in the I/R
group compared to the sham group (0.02 = 0.01 vs. 0.13
+ 0.02, P < 0.01, Fig. 4C). Western blotting analysis also
showed a significant decrease in GPX4 protein expression af-
ter I/R compared to the sham group (0.43 £+ 0.06 vs. 0.87 +
0.07, P < 0.01). IF results followed the same trend, suggest-
ing reduced GPX4 expression during HIRI. ELISA results also
confirmed a significant decrease in GPX4 activity after I/R
(48.03 = 2.86 vs. 60.26 = 4.25, P < 0.05, Fig. 4C). These
results indicate that changes in related proteins support the
occurrence of ferroptosis following HIRI.

GPX4 was an important regulatory factor in ferrop-
tosis

RT-gPCR and Western blotting analysis demonstrated that
GPX4 was significantly knocked down after transfection (P <
0.05, Fig. 5A and B). OGD induced a significant decrease in
cell viability compared with the control (0.70 £ 0.16 vs. 0.91
+ 0.02, P < 0.01, Fig. 5C), while GPX4 knockdown resulted
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in an even more pronounced reduction in activity (0.45 +
0.01 vs. 0.91 + 0.02, P < 0.01).C11 BODIPY 581/591 stain-
ing showed that knockdown of GPX4 further exacerbated
OGD-induced lipid peroxidation (Fig. 5D). FerroOrange stain-
ing suggested that GPX4 knockdown also exacerbated OGD-
induced intracellular iron overload (Fig. 5E).

To further explore the role of GPX4 in ferroptosis, GSH was
added. GSH restored cell activity after OGD (1.069 + 0.024
vs. 0.827 £ 0.027, P < 0.05, Fig. 5F). C11 BODIPY 591/581
staining indicated that GSH inhibited OGD-induced lipid per-
oxidation in AML12 cells (Fig. 5G), and FerroOrange staining
revealed that exogenous GSH antagonized iron overload (Fig.
5H).

The methylation level of the GPX4 promoter was
increased in HIRI

The UCSC database showed the presence of dense CpG is-
lands in the promoter regions of GPX4 (Fig. 6A), suggest-
ing that GPX4 expression may be regulated by methylation,
potentially influencing HIRI-induced ferroptosis. RT-qPCR re-
vealed that GPX4 expression was significantly upregulated
by 5-AZA compared with the control group (0.19 + 0.01 vs.
0.11 £ 0.01, P < 0.01, Fig. 6B). Methylation-specific PCR
and Sanger sequencing demonstrated an elevated methyla-
tion level of the GPX4 promoter after HIRI (Fig. 6C).

The global methylation was increased in HIRI

To evaluate the activity of methyltransferases in HIRI, the
mRNA expression of DNMT1, DNMT3a, and DNMT3b was
first detected by RT-gPCR. DNMT3a exhibited the most sig-
nificant change and was used as a marker for methylation
(Fig. 7A, Supplementary Fig. 2A,B), with its expression level
significantly higher compared to the sham group (0.003 +
0.0005 vs. 0.001 £ 0.0003, P < 0.05). The protein expres-
sion was also significantly upregulated in the I/R group
(1.85 £ 0.51 vs. 0.53 £ 0.05, P < 0.05), consistent with
the IHC staining results.

RT-gPCR showed that TET1, TET2, and TET3 levels were
significantly lower than those of the respective sham group
(TET1: 0.00002 + 0.0000003 vs. 0.00009 £+ 0.00001; TET2:
0.01 £ 0.0000003 vs. 0.02 + 0.004; TET3: 0.004 + 0.0007
vs. 0.01 £ 0.002, P < 0.01, Supplementary Fig. 2). TET2
was more abundant than TET1 and TET3 in normal liver tis-
sues, acting as a key factor representing DNA demethyla-
tion. Western blotting analysis showed that TET2 protein ex-
pression significantly decreased after I/R compared with the
sham group (0.69 £ 0.12 vs. 1.65 £ 0.18, P < 0.01), consist-
ent with the IHC results (Fig. 7B).

Additionally, the levels of 5mC and 5hmC were measured to
reflect the degree of methylation and demethylation using the
ELISA assay. Compared with the sham group, the 5mC level
was significantly increased in the I/R group (1.08 + 0.09 vs.
1.91 £ 0.17, P < 0.05), and the 5hmC content was decreased
(0.001 + 0.00008 vs. 0.001 £+ 0.00001, P < 0.05, Fig. 7C),
indicating an increase in global methylation following HIRI.

Discussion

In this study, we investigated changes in ferroptosis-related
indicators and GPX4 promoter methylation status during the
pathogenesis of HIRI, using in vivo and in vitro models. We
proposed that DNA methylation of the GPX4 promoter may
be involved in ferroptosis, playing an important role in the
pathogenesis of HIRI.

Ferroptosis was first proposed by Scott J. Dixon et al. in
2012 and was distinguished from other modes of cell death by
its unique characteristics. Morphologically, it is mainly charac-
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terized by smaller cell size, mitochondrial shrinkage, greater
membrane density, and the reduction or disappearance of
mitochondrial cristae, with no obvious nuclear changes.”
Biochemically, ferroptosis is marked by elevated ferrous ions
and the accumulation of lipid peroxides. Subsequent stud-
ies showed that ferroptosis cannot be antagonized by specific
inhibitors of necrosis, apoptosis, or autophagy.*® However, it
can be inhibited by iron chelators or antioxidants, indicating
that ferroptosis is a distinct form of cell death.4” In a previous

DAPI| Non-oxidized Oxidized
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Fig. 5. GPX4 expression and degree of ferroptosis after GPX4 knockdown, and the therapeutic effect of glutathione. (A) mRNA and (B) protein expression
of GPX4. (C) Cell viability. Fluorescent images (20x) stained with (D) C11 BODIPY 581/591 and (E) FerroOrange. The therapeutic effect of glutathione on ferroptosis
was assessed by (F) cell viability, (G) the degree of lipid peroxidation, and (H) iron ion levels. **p < 0.01, ***p < 0.001. Cont, the control group; DAPI, 4’,6-diamidino-
2-phenylindole; OGD, the group of oxygen and glucose deprivation cell model.

study, Guo et al. reported that Fer-1 intervention attenuated
I/R-induced cardiomyocyte dysfunction, which was accompa-
nied by elevated Fe2* and ROS and reduced GPX4.48 In this
study, different types of inhibitors were employed to restore
cell viability, with the ferroptosis inhibitor Fer-1 showing the
most significant effect. These results imply that ferroptosis
may be the major form of cellular death in IRI.

There are many reports of ferroptosis-related studies on
I/R in the heart, brain, or kidney, but fewer studies have fo-
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cused on ferroptosis in HIRI. Naoya et al. analyzed periopera-
tive data from 202 patients who underwent liver transplanta-
tion due to congenital biliary atresia and found that elevated
serum ferritin was an independent risk factor for impaired
hepatic function, indicating the occurrence of iron overload.*®
Some studies reported changes in ferroptosis after HIRI in
mice, including elevated lipid peroxidation products and high
expression of ferroptosis-associated proteins ACSL4 and
PTGS2.14 It was reported that some compounds can antago-
nize these changes, exerting protective effects on hepato-
cytes.>0-52 For example, the ferroptosis inhibitor liproxstatin-1
attenuated HIRI by inhibiting lipid peroxidation.*53 Narin-
genin can downregulate total iron content and Fe2* levels,
inhibit lipid peroxidation and the expression of ferroptosis-
associated proteins, and attenuate IRI.>* Curcumin and Lox-
Block-1 reduced ACSL4 levels in liver and pancreas tissues,
thereby inhibiting lipid peroxidation and iron-induced damage
through their antioxidant properties after reperfusion.>> This
study revealed increased lipid peroxidation and iron ion lev-
els following HIRI, accompanied by elevated expression of
ferroptosis-related proteins (i.e., ACSL4 and PTGS2).

As an important antioxidant, GPX4 plays a role in main-

taining cellular function by reducing toxic lipid peroxides to
lipid alcohols.5% Its downregulation is a critical event in fer-
roptosis. Knockdown or inhibition of GPX4 has been shown
to lead to the accumulation of lipid peroxides and the forma-
tion of lipid free radicals catalyzed by intracellular iron ions,
thereby increasing cellular susceptibility to ferroptosis.>’ For
example, Zhang et al. showed that GPX4 knockdown exac-
erbated brain injury after cerebral hemorrhage using specific
inhibitors or siRNA.58 Similarly, in this study, GPX4 mRNA
and protein expression levels were significantly reduced after
HIRI. Knockdown of GPX4 exacerbated OGD-induced cell in-
jury, characterized by a more pronounced decrease in cellu-
lar activity, accumulation of intracellular lipid peroxides, and
increased staining for ferrous ions. Moreover, GSH could at-
tenuate these changes, providing a protective effect against
HIRI. All these results support that GPX4 is a key regulator
of ferroptosis.

The expression of GPX4 is influenced by various epigenetic
regulators, such as DNA methylation. Studies have shown
that methylation of the GPX4 promoter can downregulate its
expression, reducing cellular antioxidant capacity, leading to
the accumulation of lipid peroxides, and ultimately causing
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ferroptosis.>%60 For example, Liu et al. found that Ubiquitin-
like with PHD and RING Finger domains 1 promoted the meth-
ylation of the GPX4 promoter, inhibiting its expression and
accelerating ferroptosis in alveolar epithelial Type 2 cells.>® A
similar study proposed that methylation of the GPX4 promot-
er could reduce the GPX4 expression and enhance ferroptosis
sensitivity in fibroblast-like synoviocytes.®! DNA methylation
generally occurs at the CpG sites. Pratt et al. first reported al-
tered DNA methylation in renal IRI, finding that the promoter
region of the complement factor C3 gene showed aberrant
DNA methylation and downregulation of overall 5hmC levels
in a rat renal I/R model.52 The mRNA expression of TET1 and
TET2 was significantly decreased in kidney tissues after I/R.63
Endres et al. also demonstrated that overall DNA methyla-
tion was upregulated in the brain following mild focal cerebral
ischemia, and IRI led to a triple to quadruple increase in me-
thyl binding.5* Nevertheless, the methylation-specific inhibi-
tor 5-AZA ameliorated ischemic brain injury and reduced cer-
ebral infarct areas, suggesting that methylation status could
affect cerebral I/R-induced cellular damage.65:6¢ The roles of
methylation have also been confirmed in myocardial I/R. For
instance, Li et al. reported altered methylation levels of all 47
CpGs based on genome-wide DNA methylation assays in hu-
man acute myocardial infarction cases.>” As a specific meth-
ylase inhibitor, 5-AZA was able to reverse nicotine-induced
left ventricular dysfunction and reduce the incidence of myo-
cardial infarction in offspring rats.6” In our study, the global
methylation increased following IRI. UCSC analysis showed
that CpG islands were abundant in the GPX4 promoter region,
where sequencing revealed that IRI increased methylation,
while GPX4 expression was upregulated in the presence of
5-AZA. Our findings collectively demonstrate that IRI affects
the methylation of the GPX4 promoter.

However, there are some limitations in this study. For ex-
ample, we failed to explore whether changes in methylase
expression can affect the HIRI degree. Nevertheless, this
study provides new evidence and a foundation for under-
standing the mechanisms of hepatic I/R injury, which may be
conducive to future research on new targets and therapeutic
approaches.

Conclusions

We explored the role of ferroptosis in the pathogenesis of
HIRI. We found increased methylation of the GPX4 promoter
and decreased GPX4 expression, accompanied by elevated
levels of 5mC and DNMTs, and decreased levels of 5hmC and
TETs. Our study demonstrated that ferroptosis is associated
with GPX4 promoter methylation and global methylation fol-
lowing HIRI.
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